The application of whole-cell hybridization using labelled oligonucleotide probes in microbial systematics and ecology is limited by difficulties in permeabilizing many Gram-positive organisms. In this investigation paraformaldehyde treatment, acid methanolysis and acid hydrolysis were evaluated as a means of permeabilizing mycolic-acid-containing actinomycetes prior to hybridization with a fluorescently labelled oligonucleotide probe designed to bind to a conserved sequence of bacterial 165 rRNA. Methods were evaluated on stationary-phase cultures of Gordona bronchialis, Mycobacterium fottuitum, Nocardia asteroides, N. brasiliensis, Rhodococcus equi, R. erythropolis, R. fascians, R. rhodochrous and Tsukamurella paurometabola, none of which could be probed following 4% (w/v) paraformaldehyde fixation. For comparison and t o test the general applicability of mild acid pretreatments, Bacillus subtilis, Lactobacillus plantarum, Escherichia coli and Pseudomonas putida were also studied. The data showed that most of the mycolic-acid-containing organisms were successfully permeabilized by mild acid hydrolysis in 1 M HCI at 37 O C . Cells were treated for different lengths of time. In general, the mycolic-acid-containing organisms required between 30 and 50 min hydrolysis, whereas B. subtilis, E. coli and P. putida were rendered permeable in only 10 min. Interestingly, L. plantarum could not be permeabilized using acid hydrolysis even after 60 min exposure to 1 M HCI.
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INTRODUCTION
Comparative ribosomal RNA (rRNA) sequencing has provided a phylogeny for micro-organisms which is revolutionizing our approaches to their classification and identification (Woese, 1987) . rRNA sequences are mosaics of conserved and variable sequences which provide ideal targets for specific probes for use in identification. Oligonucleotide probes to specific rRNA sequences can be labelled with fluorescent dyes (DeLong etal., 1989) and have been used to probe intact bacteria which have been fixed and permeabilized by treatment with paraformaldehyde (Amann e t al., 1990) . Fluorescently labelled 16s rRNA probes have considerable potential for the identification and in sit# analysis of micro-organisms (Amann e t a/., 1990 (Amann e t a/., , 1992 Hahn et al., 1992; Poulsen e t al., 1993) . However, their widespread application is restricted by difficulties in permeabilizing many Gram-positive bacteria using established procedures such as 4 % (w/v) paraformaldehyde or ethanol/formaldehyde fixation (Stahl & Amann, 1991 ; Amann e t al., 1992; Braun-Howland e t al., 1993) .
Actinomycetes are an important and widely distributed group of Gram-positive organisms which have proven particularly difficult to permeabilize (Hahn e t al., 1992 (Hahn e t al., , 1993 . The cell envelopes of some actinomycetes, including the genera Gordona, MJycobacterizmz, Nocardia, Rhodococczts and Tmkamztrella, contain s traigh t-c hain, sa turated and unsaturated fatty acids and tuberculostearic acid (1 O-methyloctadecanoic acid) in intimate association with high-molecular-mass 3-hydroxy 2-alkyl branched-chain fatty acids (mycolic acids) containing between 30 and 90 carbon atoms (Alshamaony e t al., 1976a, b ; Collins & Jones, 1982; Collins e t al., 1982; Minnikin e t al., 1984) . Recently, these mycolic-acid-containing bacteria have been shown to be more hydrophobic than microorganisms lacking mycolic acids (Bendinger e t al., 1993). 
Using measurements of cell water contact angle, Bendinger et d. (1993) have shown that amongst the actinomycetes there is a tendency towards an increase in contact angle (hydrophobicity) with increasing mycolic acid chain length. However, for some organisms, this increase was less than might be predicted, possibly due to the presence of additional cell surface components such as C-mycosides (glycopeptidolipids), trehalose-containing lipooligosaccharides, weakly hydrophobic exopolysaccharides, proteins and peptidolipids (Bendinger e t a/., 1993). It is possible, therefore, that this increased hydrophobicity resulting from the presence of the mycolic acids contributes to the difficulties in permeabilizing such actinomycetes using 4 YO paraformaldehyde and ethanol/ formaldehyde.
Mycolic acids are acid labile (Minnikin et a/., 1980) , offering the possibility that prior treatment with acid might permeabilize the cells, thus providing access to fluorescently labelled oligonucleotide probes. This paper describes a procedure for the permeabilization and subsequent oligonucleotide probing of selected mycolicacid-containing actinomycetes. The efficacy of the methodology in permeabilizing other Gram-positive and Gram-negative bacteria is also discussed. glucose, 20; yeast extract, 10; pH 7.0) at 30 "C. Growth phase was determined using a turbidity curve. Cells were harvested in stationary phase because the mycolic acid contents of the actinomycetes are known to vary during exponential growth (Tomiyasu, 1982) . Microscopic examination showed that all the cells had a mycelial morphology. The medium was removed by centrifugation at 12000g for 2 min and the cells were resuspended in phosphate-buffered saline (PBS) and stored at 4 "C prior to permeabilization.
METHODS
Bacillns subtilis (DSM lo), Escherichia coli (NCTC 10418) (obtained from Dr M. Barer, Department of Microbiology, University of Newcastle upon Tyne) and Psezldomonasputida (ATCC 33015) were grown overnight in nutrient broth (Oxoid) and harvested in stationary phase. Lactobacillzls plantarzm (NCDO 1193) was grown overnight in MRS broth (Oxoid) and harvested during stationary phase.
Fixation procedures
Rhodococcus fascians was used as the test organism for the development of the permeabilization procedures. R. fascians is a plant pathogen which grows well in glucose yeast extract medium ; it contains my colic acids of intermediate chain length (38-52 carbon atoms; . Treatments B-D inclusive were only applied to R. fascians. , 1991) for permeabilizing the test organisms, freshly made 4 % (w/v) paraformaldehyde (300 pl) was added to the bacterial cells (100 pl at 1 x 10' cells ml-') and fixed overnight at 4 "C. Cells were centrifuged at 12000g, resuspended in 0.1 % Nonidet P-40 detergent in water (Sigma) at 2 x lo' cells ml-' and aliquots (5 pl) applied to gelatin subbed slides [Om1 % gelatin, 0.01 YO I<Cr(S04)2] (Stahl & Amann, 1991) . Cells were air-dried, then dehydrated by successive 3 min immersions in ethanol/water (50, 80, 95 YO, v/v) . Slides were stored in the dark at room temperature prior to hybridization.
B. Fixation in ethanol/formaldehyde. Harvested cells were centrifuged at 12000g, resuspended in 0.1 % Nonidet P-40, and applied to gelatin subbed slides as outlined above. Cells were then treated as described by Braun-Howland et al. (1993) . Briefly, slides were immersed in ethanol/formaldehyde (90 : 10, v/v) for 30 min, rinsed in distilled water and air-dried. Slides were stored in the dark at room temperature prior to hybridization.
C. Solvent extraction using chloroform/rnethanol. Cells were harvested, applied to gelatin subbed slides and dehydrated as described above. Slides were immersed in chloroform/methanol (2: 1, v/v; Bligh & Dyer, 1959) for 10 min prior to ethanol/ formaldehyde fixation.
D. Acid methanolysis. To determine the efficiency of acid methanolysis for cell permeabilization, cells were applied to gelatin subbed slides, dehydrated and immersed in chloroform/methanol (2 : 1 , v/v) as described above. Slides were then incubated in methanol/toluene/H,S04 (6 : 3 : 0.2, by vol.) (Minnikin et al., 1980) for 0, 1, 5, 10, 20, 30, 40, 50 and 60 rnin at 37 "C. Cells were washed in distilled water three times and air-dried prior to ethanol/formaldehyde fixation.
E. Acid hydrolysis. To determine the effect of a mild acid hydrolysis on the permeabilization of R. fasciam, cells were applied to gelatin subbed slides and dehydrated by immersion in ethanol (50, 80 and 95%, v/v) as described above. After airdrying, slides were immersed in either 0-1,0*2,0-5 or 1.0 M HC1 for 1-60 min with 10 min increments at 37 "C. Slides were washed in distilled water three times and air-dried prior to ethanol/formaldehyde fixation.
Following hybridization the results of these preliminary studies suggested that hydrolysis in 1 M HC1 was the most effective permeabilization treatment and the number of strains tested was subsequently extended to include B. subtilis, E. coli, G. bronchialis, L. plantarzlm, M. fortuitum, N . asteroides, N . brasiliensis, P. putida, R. equi, R. erythropolis, R. rhodocbrow and T. paurometabola. Fluorescence following hybridization of acid-hydrolysed cells was then compared with that following hybridization of 4 YO
paraformaldehyde-fixed cells (A).
Oligonucleotide probes. The eubacterial probe EUB338 (Stahl e t al., 1989 ) and a negative control probe NONEUB338, which has the same sequence as the target rRNA (Stahl & Amann, 1991) , were synthesized with an aminohexyl linker (Amino-link 2, Applied Biosystems) and coupled to tetramethyl-6-carboxyrhodamine (Applied Biosystems) using the manufacturer's protocols. Unincorporated fluorochrome was removed from labelled oligonucleotide by gel filtration using a Sephadex G-25 column (Pharmacia LKB). Unlabelled oligonucleotides were removed from labelled oligonucleotides using an oligonucleotide purification cartridge (OPC ; Applied Biosystems) according to the manufacturer's instructions. Full-length labelled oligonucleotides were then purified by thin-layer chromatography using a SurePure oligonucleotide purification plate (Cambridge BioScience). The fluorescently labelled oligonucleotide probes were freeze-dried and stored at -20 "C in the dark. Prior to use, the probes were diluted to a concentration of 50 ng pl-' in sterile Analar water (BDH Laboratory Supplies).
Hybridization. Hybridizations were carried out at 48 O C (a suitable hybridization temperature for both EUB338 and NONEUB338) for 4-6 h using the procedures described by Stahl & Xmann (1991) with only slight modifications. Cell preparations were not prehybridized. Twenty microlitres of hybridization buffer containing 50 ng of EUB338 or NONEUR338 (negative control) was added to each cell smear. Autofluorescence was monitored by adding 20 pl of hybridization buffer (without probe) to cell preparations. To reduce evaporation, a cover slip was applied and sealed to the slide using clear nail varnish.
Epifluorescence microscopy and photomicrography. Following hp bridization each slide was mounted in Citifluor antifadent (Citifluor UKC) and examined using a Nikon Optiphot epifluorescence microscope fitted with filter sets specific for rhodamine. Photographs were taken on Kodak TMY professional black and white film (400 ASA) using a Nikon FGOl-AF camera. To provide a comparative measure of fluorescence, the film was exposed for 30 s using the camera's long time exposure (bulb) setting. 
RESULTS AND DISCUSSION

Effectiveness of 4 % paraformaldehyde fixation
Influence of fixation procedures on permeabilization of R. fascians
When hybridization was preceded by a chloroform/ methanol wash and an ethanol/formaldehyde treatment, the fluorescence of probed I3.fascian.r cells was comparable with that obtained following 4 YO paraformaldehyde fixation (data not shown). When R.fascians was subjected to acid methanolysis in methanol/toluene/H,S04 (6: 3:0*2, by vol.) at 37 "C for 1-10 min there was an increase in fluorescence following hybridization. However, when methanolysis time was increased to between 20 and 60 min the R.fascians cells did not fluoresce. It is possible that longer exposure to acid resulted in degradation of the target rRNA (Hoyer e t al., 1991) since microscopic examination suggested that the cells remained intact. It is also possible that residues of the nonpolar solvent toluene interfered with the subsequent hybridization, which was carried out in a polar hybridi- (Fig. 1) . As with cells subject to an acid methanolysis, a possible explanation for the decrease in intensity of fluorescence after 50 min is that longer exposures to acid caused degradation of the target rRNA (Hoyer e t al., 1991) . In an attempt to improve permeabilization and fluorescence intensity, cells previously hydrolysed in 1 M HC1 were treated with proteinase K (Sigma) prior to hybridi- , 1982) and were not permeabilized by the acid hydrolysis conditions used here. Taken together, these data indicate a tendency towards increased permeabilization of these mycolic-acid-containing actinomycetes following exposure to HC1 which to some extent reflects mycolic acid chain length and in turn cell hydrophobicity (Bendinger et al., 1993) .
Of the stationary-phase non-mycolic-acid-containing bacteria inefficiently permeabilized by 4 YO paraformaldehyde, B. szlbtilis exhibited increased fluorescence following acid hydrolysis whilst L. plantaram did not (Table 1) . Although not tested, it is possible that differences in the susceptibility of wall components to acid hydrolysis were responsible for these differences. Cell walls of B. szibtilis contain teichoic acids which are readily removed by mild acid hydrolysis at 35 "C (Hughes & Tanner, 1968) . In contrast, acid extraction of L. plantarzlm teichoic acids using either dilute HC1 or hot glycine/HCl is known to be ineffective due to the nature of the linkage between the teichoic acid and the peptidoglycan (Kojima et al., 1985) . Therefore, the enhanced permeabilization of B. szlbtilis may reflect the relative ease with which the teichoic acids can be removed. However, the link between the teichoic acid content and permeability requires further investigation. Although the difference in fluorescence exhibited by 4 YO paraformaldehyde-fixed cells and acid-hydroly sed cells following probe hybridization was easily determined for the majority of test strains (Fig. 2 
